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Abstract

Understanding the origin of the catalytic power of enzymes has both conceptual and practical 

importance. One of the most important finding from computational studies of enzyme catalysis is 

that a major part of the catalytic power is due to the preorganization of the enzyme active site. 

Unfortunately, misunderstanding of the non trivial preorganization idea lead some (e.g. Ref 1) to 

assume that it does not consider the effect of the protein residues. This major confusion reflects a 

misunderstanding of the statement that the interaction energy of the enzyme group and the 

transition state is similar to the corresponding interaction between the water molecules and the TS, 

and that the catalysis is due to the reorganization free energy of the water molecules. Obviously, 

this finding does not mean that we do not consider the enzyme groups. Another problem is the 

idea that catalysis is due to substrate preorganization. This more traditional idea is based in some 

cases on inconsistent interpretation of the action of model compounds, which unfortunately, do not 

reflect the actual situation in the enzyme active site. The present paper addresses the above 

problems, clarifying first the enzyme polar preorganization idea and the current 

misunderstandings. Next we take a specific model compound that was used to promote the 

substrate preorganization proposal and establish its irrelevance to enzyme catalysis. Overall, we 

show that the origin of the catalytic power of enzymes cannot be assessed uniquely without 

computer simulations, since at present this is the only way of relating structure and energetics.
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1. Introduction

1.1 General background

The polar preorganization of enzymes active sites has been proposed2-4 to be the most 

important factor in enzyme catalysis. However, the corresponding idea is not trivial and its 

misunderstanding might lead to conceptual problems and to difficulties in quantifying the 

catalytic power of enzymes. A glaring example is a recent communication,1 where Menger, 

Nome and coworkers ventured to assume (while quoting Ref. 5) that the preorganization 
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concept never considered the contribution of the enzyme catalytic groups (it was stated that 

“He (Warshel) claimed that “enzyme catalysis is not due to the interaction between enzyme 

and substrate (which is what was believed by most people), but rather to a large free-energy 

penalty for the reorganization of the solvent in the reference reaction.” Thus, he argued that 

“electrostatic reorganization energy accounts for almost the entire catalytic power of 

enzymes”). This point is clear from repeated parts of Ref. 1 (e.g.,. the statement that 

“Solvent reorganization, as opposed to molecular interaction, has been dogmatically set 

forth by others as the sole source of enzymatic accelerations”). Furthermore, 

misunderstandings of the preorganization idea (e.g. the problematic definition in Ref. 6) and 

how to evaluate it (e.g. 7 (also see discussion in Ref. 8)) are quiet common. Furthermore, 

there is a common tendency to assume that enzymes work by preorganization of the 

substrate9, 10 which is, in fact, a combination of the near attack conformation (NAC) idea,11 

the entropy idea,12 the strain idea,13, 14 and different forms of many of the ground state 

destabilization ideas. A recent example of the problems with a substrate preorganization 

proposal was pointed out in a careful study by Hilvert and Gelman showing that the 

dipeptide (which was suggested to be sufficient to catalyze amide bond hydrolysis15) is 

incapable of catalyzing the hydrolysis of several ester and amide substrates16 and that 

without the preorganized protein environment, achieving catalysis is extremely difficult. 

Another example is the work of Ref. 1. Interestingly, despite the major problems in many of 

the substrate preorganization proposals (see below) they are much simpler to accept, unless 

one actually checks their validity by computational energy considerations.

1.2 Conceptual Clarifications of the Enzyme Preorganization Idea

In clarifying possible difficulties in understanding the preorganization idea it is important to 

repeat this concept, following the guide of Fig.1. The figure illustrates the nature of the 

catalytic effect in a typical SN2 enzymatic reaction (e.g. 17). In such a case the catalysis is 

defined (see Ref. 2) as the difference between the SN2 step in the enzyme active site and in 

the corresponding reference reaction in water solution. In water the change of the charge 

distribution of the substrate, upon moving from the reactant state (RS) to the transition state 

(TS), leads to rotation of the water molecules (drawn as dipoles) so that they point towards 

the charges of the TS. The rotation of the water costs energy, which is referred to as the 

reorganization energy. In the enzyme on the other hand, the active site polar (or charged) 

groups that are also drawn as dipole do not have to undergo significant rotation to stabilize 

the TS charge distribution since they are already pointing in the correct direction. The 

energy that holds the protein dipole reorganized is invested by the protein folding forces. 

Quite surprisingly, the strong interaction between the protein dipoles and the TS charges is 

very similar to the corresponding interaction between the water molecules and the TS charge 

in the reaction in water (see right of Fig 1). Since the interaction energy between the 

environment and the TS charges is very similar in the water and the protein (and thus the 

contribution of the interaction to catalysis cancels), the main difference is that in the 

reference water reaction we have to invest significant reorganization free energy, while in the 

protein active site the investment of energy is very small.

In other words, in water the free energy of moving from the ground state to the TS is larger 

than in the enzyme since the water dipoles have to reorganize and pay for the reorganization 
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energy, whereas in the enzyme the polar groups or the catalytic groups are preorganized in 

the correct direction and thus do not have to pay large preorganization energy. The 

difference between the large reorganization energy in water and the small reorganization of 

the protein groups is the reason for catalysis.

Obviously, the preorganization concept has never suggested that the protein does not have 

catalytic groups. The confusion may be due to the major inability to realize that interaction 

energy at a specific point along the reaction coordinate is not equal to free energy of moving 

from the RS to the TS.

Of course, there are key catalytic groups, whose effect has been explored in details in all of 

our studies (e.g. 2), but such groups lead to catalysis not by just being in the active site and 

interacting strongly with the substrate TS, but by not having to pay for reaching the 

configuration that leads to such interaction. In a clear contrast to the presumption of Ref. 1 

(where it was stated that “Our work here shows that catalytic groups, carboxy groups in this 

case, need not be mere idle spectators. Thus, only two carboxy groups, properly placed, can 

lead to enzymatic rates”), we never suggested that the enzyme catalytic groups are just some 

“idle spectators” groups, but rather critical groups that provide crucial preorganization 

effect.

The statement in Ref. 5 that “enzyme catalysis is not due to the interaction between the 

enzyme and substrate (which is what was believed by most people) meant, for those who 

followed the preorganization idea and the paper, that the interactions at the TS (which are 

never zero) cancel out and not that the catalytic groups are not needed for catalysis.

2. Computational Methods

We calculated the activation energies of systems I-V given in the main text using our 

empirical valence bond (EVB)18-20 and free energy perturbation/umbrella sampling 

(FEP/US) approach.21 The calculations were performed using MOLARIS software with the 

ENZYMIX force field.22 Further details on the methods can be found in the Supporting 

Information.

3. Results and Discussion

3.1 Considering the Problems with Using Model Compounds in Promoting the Substrate 
Preorganization Idea

The idea that the substrate preorganization is the origin of enzyme catalysis, is a seemingly 

reasonable idea, although it does not pass a careful examinations. In clarifying the problems 

with the misunderstanding about the presumed role of substrate preorganization in enzyme 

catalysis, it is useful to consider the difficulties in deducing the effectiveness of substrate 

preorganization from experiment with model compounds. Here we will focus on the studies 

presented in Ref. 1, using a model system, I (Fig. 2) to mimic aspartic proteases. The 

problems start with the simple fact that the model for a peptide cleavage reaction is coupled 

by delocalized π electrons to the naphthalene skeleton. This coupling moves a very large 

fraction of the oxyanion TS charges to the naphthalene and such delocalization effect does 
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not exist in proteases. This brings us to the conceptually much more important problem of 

not defining the relevant reference state. More specifically, in considering catalysis it is 

crucial to address the issue “catalysis relative to what”? The best reference state is the same 

reaction in a water cage,2 but Ref. 1 does not consider any references state. Thus, we must 

try to consider the most logical reference state.

The most obvious selection is to consider the reference state for the reaction of aspartic 

proteases.23, 24 Unfortunately, this reference state does not correspond to our model 

compound and does tell us what is the origin of the observed rate of the model compound 

(since the model compound has delocalized charges, which make it very different than the 

catalytic system in aspartic proteases). To gain some understating of the model compound, 

we used the EVB approach, which is described extensively elsewhere,18 and in the SI but 

with the following twist; since we do not have a proper reference state with delocalized 

charges, we consider the effect of going from the original model compound (where the 

corresponding parameters and charge distribution were obtaining by ab initio calculations) 

to the butadiene type system (II in Fig. 2) and to the systems where an acids were 

disconnected from the napthalene skeleton (III, IV and V in Fig. 2). In all cases we kept the 

charge distribution obtained in system I. Since in all cases we kept the same type of 

transition state we consider the TS as shown in Fig. 3 as an intermediate (see our study of 

Chorismate Mutase25 and the corresponding EVB parameters are given in the SI). This EVB 

approach allows us to explore the catalytic effect obtained going from system I to V of Fig. 

2. The calculated activation barriers are given in Table 1 and Fig. 3 and can be attributed to 

different effects. The change from I to II reflects mainly release of ground state strain. The 

change from I to III reflects some strain release and the regular cage effect of about 2.5 kcal 

mol which is not a part of the rigorously defined enzyme catalysis.2 The change from I to IV 
to reflects the cage effect and the strain plus NAC effect. The change from I to V probably 

reflects the above effects.

The trend in Fig. 4 may suggest that we have a model for an enzyme active site, since the 

magnitude of the decrease in the activation energy upon going from systems V to I are 

relatively close to the effect of a typical enzyme catalysis. However, such an idea encounters 

several problems.

First, if we try for the sake of argument to take III or IV as a reference for I we may still try 

to claim that we have here a NAC or another type of substrate GS destabilization. However, 

the conceptual error here is in the assumption that if we have a rate acceleration in the 

enzyme, it must be due to the same NAC effect. In this respect, it is not useful to assert 

incorrectly (as done in Ref. 1) that theoretical analysis of aspartic proteases have shown that 

the catalysis is due to proximity effects (stating that “this mechanism, supported by both 

computational and experimental investigations, achieves its huge rate via “interaction” rather 

than “reorganization”). In fact, Refs.23 and 24 clearly stated that the origin of catalysis lies in 

the protein preorganization as opposed to the misunderstanding by Ref. 1. Obviously, the 

model compound I does not use the key factor of preorganization of the environment (as it 

works in solution). Furthermore, aspartic proteases use water attack rather than attack by an 

acidic group.
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However, regardless of the missing active site preorganization effect in I, what about the use 

of the substrate preorganization in some other related enzymes? Can we extrapolate from the 

problematic conclusions obtained from the study of I to the assumption that the enzyme 

catalysis must include some type of substrate reorganization and in particular a NAC effect 

of compressing the O…C nucleophilic attack distance. Here it is essential to clarify that as 

shown in countless studies, enzymes do not use the NAC for ground state destabilization 

(see the very careful analysis of Ref. 25). In fact, a specific closely related study of a 

nucleophilic attack by an acidic group in haloalkane dehalogenase26 (which is much closer 

to the case in I than Asp proteases) has shown that the enzyme does not use the NAC in 

catalysis.

4. Conclusion

This work addressed the conceptual problems associated with the misunderstanding of the 

enzyme preorganization idea. Special attention was given to the misunderstanding promoted 

by Ref. 1 about our preorganization idea, presuming that it somehow overlooks the role of 

the protein catalytic groups. This confusion might have stemmed from misunderstanding 

that catalysis is defined relative to a well-defined references state (namely the reaction in a 

solvent cage). Thus if the interaction energy between the enzyme and the substrate TS is 

similar to that of the substrate TS and the surrounding solvent this interaction does not 

contribute to the catalytic effect. Ref. 1 and other works seem to overlook the key role of the 

protein environment, except in providing chemically active groups (this includes 

overlooking the role of the preorganization of the oxyanion holes). Ref. 1 attempted to 

support its view by using a model compound, where forcing catalytic groups are forced to 

strained interactions and thus can lead to fast reactions. What was missing has been a proper 

comparison of the model compounds to enzyme active site. Unfortunately, such a 

comparison can only be done consistently by computational approaches (that properly 

dissects the different energy contributions) and no such comparison has been done.

The analysis here established that although the model compound I can be considered as a 

catalytic system relative to some reference states, this effect is not related to the presumably 

similar catalytic effect in aspartic proteases. Such an assumption is similar to related 

assumptions in other works that suggested that strain in model compounds must mean that 

such strain exists in enzyme (see above). However, what is new in Ref. 1 is the major 

misunderstanding of the preorganization proposal and our related finding that the interaction 

energy at the TS is not the origin of the catalytic effect. This misunderstanding, as well as 

the general issue of using model compounds without clear reference state, are the main 

subjects of the present work.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic representation of the reorganization effect in water and protein for an SN2 

reaction.
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Figure 2. 
Different systems that are studied using the EVB method. The EVB region is enclosed 

within dotted lines in compound I.
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Figure 3. 
Concerted type transition state for the hydrolysis of I.
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Figure 4. 
The EVB profiles for the motion to the TS in different systems. The TS energies are 

arbitrarily placed at the same height.
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Table 1
Calculated and Observed Activation Barriers (kcal/mol) for Different Systems

System ΔG‡ (cal) ΔG‡ (obs)

I 20.2 19.8

II 25.6 -

III 27.3 -

IV 32.6 -

V 37.6 -
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